BACKGROUND/OBJECTIVES: Oxidative stress and micronutrient deficiencies have been related to lower birth weight (BW), small for gestational age (SGA) offspring and preterm delivery. SUBJECTS/METHODS: The relation between neonatal outcome (BW, head circumference, SGA, preterm delivery) with markers of oxidative stress and micronutrients in maternal and cord blood was to be examined. Oxidative stress markers (protein carbonyls (PrCarb), 3-nitrotyrosine (3NT), malondialdehyde (MDA)), total protein concentration and lipid-soluble micronutrients (carotenoids, retinol, tocopherols) were measured in 200 newborns (11% preterms, 13% SGA) and 151 mothers. Associations between target parameters in cord plasma and maternal serum with BW, head circumference and risk of being SGA or preterm were explored. RESULTS: Maternal protein concentration, PrCarb, MDA and all lipid-soluble micronutrients were significantly higher compared with newborns, except for 3NT, which was significantly elevated in newborns. Newborn parameters correlated positively with those of mothers. Preterms had lower proteins and retinol but higher PrCarb than terms. Maternal PrCarb and retinol were inversely associated with BW and head circumference. Mothers with PrCarb, MDA and retinol in the highest quintile had a 3.3-fold (0.9; 12.1), 2.1-fold (0.7; 6.4) and 3.3-fold (1.2; 9.4) risk, respectively, for delivering an SGA newborn, whereas the lowest quintile of retinol in cord blood was associated with an increased risk for preterm delivery. CONCLUSIONS: Oxidative stress (elevated PrCarb) was associated with lower BW/head circumference and SGA. Inadequate hemodilution may explain the inverse relation of maternal retinol with BW and head circumference, and the association between highest maternal retinol and risk for SGA.
INTRODUCTION
The risks for various acute and chronic health conditions during the course of life are influenced by low birth weight (LBW) and prematurity, both in developing and developed countries. [1] [2] [3] [4] In developed countries, except for Sweden, preterm deliveries rose during the last two decades from 7.6% to 9.2%, and those below 1500 g BW rose from 0.7% to 1.3%. 5, 6 Depending on the definition, B10% of all newborns are classified as small for gestational age (SGA), 7 which was shown to be associated with the development of metabolic syndrome, type 2 diabetes mellitus and cardiovascular diseases. 8 Oxidative stress is defined as an imbalance between oxidants and antioxidants in favor of the oxidants 9 and has been linked to adverse pregnancy course and outcome, such as eclampsia, fetal growth retardation resulting in SGA, and preterm delivery. [10] [11] [12] [13] The human body continuously produces reactive oxygen and nitrogen species (ROS and RNS) during normal cellular metabolism. Compensation of oxidative stress can be achieved by the endogenous antioxidant system, consisting of enzymes such as catalase, superoxide dismutase and glutathione. Furthermore various micronutrients can counteract oxidative stress. These include ascorbic acid, a-tocopherol and carotenoids, preventing that biomolecules get damaged by ROS and RNS. These damaged molecules include products of protein oxidation, lipid peroxidation and DNA damage. The most prominent biomarkers that reflect oxidative stress are protein carbonyls (PrCarb) , that is, plasma proteins containing oxidized residues such as aldehydes and ketones, 3-nitrotyrosine (3NT), a marker for nitrated proteins and malondialdehyde (MDA), a lipid peroxidation product derived from the oxidative breakdown of polyunsaturated fatty acids.
Newborns are particularly susceptible to oxidative stress because of high metabolic turnover rates, low antioxidant concentrations and increased production of free radicals due to the increased postnatal oxygen pressure in plasma. 11, 14 Furthermore, pregnancy is a physiological state that goes along with elevated energy demands, an increased requirement of oxygen and higher rates of cellular proliferation and one-carbon metabolism. 15, 16 Early gestational age (GA) and LBW are associated with oxidative stress; 13, 17 oxidative stress may be due to an insufficient maternal antioxidant supply, because the fetus is totally dependent on maternal nutrient delivery to the placenta. In addition, well-known factors for birth outcomes such as maternal age, smoking habits and other social factors 18, 19 may also be linked to oxidative stress.
Oxidative stress is involved in common diseases of the preterm, such as bronchopulmonary dysplasia (BPD), retinopathy of prematurity and necrotizing enterocolitis, among others. Preterm newborns suffer from additional oxidative stress as a result of lung diseases and oxygen therapy. 20 Furthermore, the activation of a series of complex cellular mechanisms in inflammation, coagulation, fibrinolysis, cell cycle and signal transduction as well as free iron are results of oxidative stress. 21 Previous work has demonstrated the relation of lipid-soluble micronutrients and oxidative stress to adverse pregnancy outcomes, spontaneous abortion, LBW and preterm birth. 13, [21] [22] [23] However, to our knowledge, there have been no recent studies measuring this combination of oxidative stress markers and micronutrients in mother-newborn pairs of a representative cohort with B10% preterms.
To investigate the oxidative stress and micronutrients at birth, we examined markers of protein and lipid oxidation (PrCarb, 3NT, MDA) and lipid-soluble micronutrients (retinol, carotenoids and tocopherols) in pair-matched maternal serum and cord plasma. We describe possible associations of these maternal and neonatal parameters with clinically defined and relevant birth outcomes, that is, BW, head circumference and GA as well as SGA and preterm birth.
MATERIALS AND METHODS
The present study was part of a larger study aimed to evaluate the supply of term and preterm newborns with choline and methyl group donors using umbilical cord plasma and maternal serum. 24, 25 The study was approved by the institutional review board (291/2008BO1), written consent obtained and subjects' data and samples collected in pseudonymized form.
Subjects/population
Pregnant women giving birth at the University Women's Hospital of the University of Tuebingen, Germany, were asked for consent to participate in this study at admittance to the delivery unit. The study population consisted of convenience samples of unselected consecutively admitted healthy mothers and their term and preterm newborns. None of the mothers included in the present study had diabetes (gestational diabetes, type I or type II diabetes). Inclusion criteria were written parental informed consent and availability of umbilical cord blood and maternal routine data. There were no exclusion criteria. Two cord blood samples including data sets were not assessed because they were extreme preterms (o32 weeks GA) and multiple births. Two maternal samples including data sets were not assessed because the plasma sample of the corresponding child was missing.
Data and blood collection
The study group consisted of 200 newborns. Umbilical cord blood was collected into a tube containing EDTA, placed at 4 1C as soon as possible, centrifuged at 1000g for 10 min at 4 1C. A total of 151 maternal serum samples were available (151 matched pairs). Maternal serum was obtained from samples taken within 24 h before or after delivery for other clinical purposes. Cord plasma and maternal serum were transferred into separate tubes and temporarily stored at À 20 1C until shipment (on dry ice) to the University of Jena where samples were stored (at À 80 1C) and measured. Maternal weight and height were measured at entry into the delivery unit by trained personnel, mostly midwives, and recorded in the mother's chart, from where this information was retrieved by the study personnel. Further maternal routine data (age, parity, smoking status) were obtained in a pseudonymized form from patient files.
Birth outcomes GA at delivery, BW and head circumference were obtained from patient files. GA was determined by best obstetric estimate based on first day of last menstrual period and first trimester ultrasound or assisted conception date. Preterm birth was defined as newborns born alive before 37 weeks of pregnancy were completed. BW was taken immediately after delivery and determined to the nearest 5 g. Newborns were classified as SGA if their BW was below the 10th percentile of BW for GA by gender according to United States national reference table for fetal growth. 26 
Analytical measurements
Because deliveries occur irrespective of day or night time and immediate sample processing cannot be guaranteed, we carried out experiments to assess the stability of our measured parameters. Serum and plasma samples of the same individuals (n ¼ 4) were left at 4 1C or room temperature over a period of 24 h. There was neither a significant decrease nor increase in any of our measured parameters during storage at either temperature over the given period. There was, however, a difference between serum and plasma samples of each individual, which can be attributed in part to fibrinolysis factors, and thus to the more or less diluted fractions (including/excluding fibrinogen). Another cause that might account for higher levels of oxidative stress markers in serum samples is the fact that serum vacutainers are routinely left at room temperature to clot for a longer period. Furthermore, EDTA in plasma complexes metal ions such as iron and thus inhibits lipid peroxidation. In detail, serum concentrations were higher for PrCarb ( þ 9.6%), 3NT ( þ 34.6%), MDA ( þ 62.9%) and a-tocopherol ( þ 10.3%). Lycopene and b-cryptoxanthin were also higher (18.5% and 18.1%, respectively), but these parameters were not detectable in cord plasma thus there was no need to adjust these concentrations. Serum concentrations of 3NT, MDA and a-tocopherol differed by more than 10% in comparison with plasma and were therefore adjusted to plasma concentrations for better comparison of values. The calculations were as follows: serum 3NT Â 0.743 ¼ plasma 3NT; serum MDA Â 0.614 ¼ plasma MDA; serum a-tocopherol Â 0.904 ¼ plasma a-tocopherol. Differences of less than 10% were assumed to be due to analytical variations and thus not of relevance for the here examined parameters.
ELISA for the measurement of protein carbonyls and protein-bound 3NT Protein carbonyls were measured as a parameter of oxidative stress after derivatization with 2,4-dinitrophenylhydrazin (DNPH) according to Buss et al. 27 with modifications carried out by Sitte et al.
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Protein-bound 3NT was determined as a marker of nitrosative stress as described previously by Weber et al.
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The following devices were used for both ELISA: Nunc Immuno 96 Microwell plate MaxiSorp (Sarstedt, Nuembrecht, Germany), Microplate Reader BioTek Synergy 2 (BioTek Instruments, Friedrichshall, Germany).
HPLC measurements of lipid-soluble micronutrients and MDA Retinol, carotenoids (lutein, zeaxanthin, b-cryptoxanthin, lycopene, a-carotene and b-carotene) and tocopherols (a-tocopherol, g-tocopherol) were measured in maternal serum and cord plasma by reversed-phase HPLC with UV and fluorescence detection according to a method described by Stuetz et al. 30 with modifications. In brief, 40 ml of plasma or serum were extracted with 200 ml of an ethanol/n-butanol mixture (1:1) containing b-apo-8 0 -carotenal-methyloxime as the internal standard. After mixing vigorously, samples were centrifuged and concentrations in the supernatant were analyzed using column and mobile phase as previously described. Retinol (325 nm), carotenoids and internal standard (450 nm) were measured by UV-vis, whereas tocopherols were analyzed by fluorescence detection (excitation/emission set at 298 nm/328 nm). Analyzed pooled samples revealed inter-batch CV for carotenoids between 3.9% (b-carotene) and 7.2% (lycopene), 3.7% for retinol and for tocopherols less than 10%.
MDA was determined as a marker of lipid peroxidation after derivatization with thiobarbituric acid (TBA) as describe by Wong et al.
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A volume of 50 ml of serum or plasma was added to 750 ml phosphoric acid (0.44 M), 250 ml TBA solutions (6 g/l) and kept in a water bath at 95 1C for 1 h. After cooling samples in a water-ice bath, they were neutralized with an equal volume of methanolic sodium hydroxide (0.1 M) and centrifuged. Clear supernatants were analyzed for TBA-reactive species (TBARS) after separation on a Reprosil-Pur 120 C18 AQ analytical column (5 mm, 250 Â 4.6 mm, Trentec, Gerlingen, Germany) with fluorescence detection (excitation/emission set at 525/550 nm). The standard Malondialdehydbis(diethylacetal) (Merck KGaA, Darmstadt, Germany) was used for calibration, diluted in ethanol to physiological blood concentrations (0-2.4 mM) and treated as sample.
All reagents were of analytical or HPLC grade and purchased from Carl Roth (Karlsruhe, Germany) and Sigma-Aldrich (Steinheim, Germany). All HPLC devices were from Shimadzu and consisted of a pump, autosampler, column heater and system controller (all from the LC-20A
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Statistics
Normally distributed continuous variables (maternal age, weight and height, BW, head circumference) were described using means±s.d. Skewed data were cubed power transformed (GA), squared (3NT, MDA, retinol), log-transformed (lutein, a-carotene, b-carotene) or reciprocal transformed (PrCarb), to achieve normal distribution and are expressed as geometric mean (95% confidence interval, CI). For categorical variables (newborn's gender, preterm birth, LBW, SGA) frequencies are reported.
Pearson correlation was used to describe associations between pair-matched maternal and cord blood parameters. Concentrations of measured parameters in maternal and cord blood were compared by paired t-test. Maternal serum 3NT and MDA concentrations were adjusted to plasma concentrations for better comparison between maternal and cord means of 3NT and MDA as described above. Means of maternal and cord blood parameters between preterms and terms were compared using independent samples t-test.
To assess associations of maternal and cord parameters with BW and/or head circumference, crude univariate regression was applied. Parameters that were associated with a birth outcome (P-valueo0.1) were simultaneously assessed in a multivariate regression models adjusted for GA, maternal age and newborn's gender.
Parameters that were associated with birth outcomes in univariate linear regression (P-valueo0.1) or showed significant differences between preterms and terms were categorized into quintiles. Highest or lowest quintile of maternal or cord plasma parameters showing associations (P-valueo0.1) with SGA and preterm birth were simultaneously assessed in multivariate logistic regression models adjusted for maternal age and newborn's gender.
All tests were two-sided and P-valueo0.05 was considered statistically significant. All statistical analyses were carried out using the Statistical Package of Social Sciences software (SPSS Inc., Chicago, IL, USA; Version 19.0). Table 1 shows the maternal and infants' characteristics at delivery. Preterm infants accounted for 10.5%, SGA for 12.5% and LBW for 8.5% of newborns in our group.
RESULTS
All means of measured parameters between mothers and their newborns differed significantly (Table 2 ). Maternal serum concentrations of total proteins, PrCarb and MDA were higher than cord plasma concentrations, even after adjusting for the difference between serum and plasma. In contrast, 3NT was elevated in newborns ( Figure 1 ). Concentrations of lipid-soluble micronutrients (retinol, a-carotene, b-carotene, lutein, a-and g-tocopherol) were also higher in mothers compared with newborns, whereas zeaxanthin, b-cryptoxanthin, lycopene and g-tocopherol were even below the limit of detection (LOD) in newborns plasma.
Maternal proteins, 3NT, MDA, lutein, a-carotene, b-carotene and a-tocopherol were positively correlated with matched cord blood parameters ( Figure 2 ). In contrary, PrCarb and retinol between cord plasma and maternal serum showed no correlation.
Preterm newborns had 842 g lower BW and 2 cm less in head circumference than term newborns (2586±610 g vs 3 428±506 g, 33±2 cm vs 35±1 cm). Age, height or parity did not differ between mothers of term and preterm newborns. Mothers of preterms had marginal lower a-tocopherol concentrations (Table 3 ). All other parameters measured in maternal serum did not differ between mothers of preterms and mothers of terms.
Total protein concentration in cord plasma was lower in preterm compared with term infants, whereas PrCarb were increased. However, there was no effect of GA on MDA or 3NT. In preterms, retinol concentrations were lower than in their term counterparts (0.7 vs 0.9 mM) ( Table 3) .
Multivariate linear regression analysis on birth outcomes adjusted for covariates (GA, maternal age and newborn's gender) revealed that maternal PrCarb and retinol were negatively associated with BW and head circumference ( Table 4) . None of the parameters in cord blood was associated with newborn anthropometrics.
Multivariate logistic regression analysis adjusted for maternal age and newborn's gender revealed that the highest maternal PrCarb, MDA and retinol concentrations were associated with an increased risk for SGA. Mothers with serum PrCarb, MDA and retinol in the highest quintiles had a 3.3-fold (0.9; 12.1), 2.1-fold (0.7; 6.4) and 3.3-fold (1.2; 9.4) higher risk, respectively, for delivering a SGA newborn. In contrary, lowest quintile of retinol in cord blood was associated with an increased risk for preterm birth (Table 5 ). 
DISCUSSION
In the present study on 200 newborns and 151 mothers, we observed that oxidative stress, by means of elevated PrCarb, was associated with lower BW and head circumference and with an elevated risk for SGA. PrCarb were elevated in preterms compared with term newborns, whereas mothers of terms and preterms had similar values. Furthermore, highest maternal PrCarb concentrations were related to SGA. Preterm newborns, in comparison with terms, have only marginal adipose tissue and consequently insufficient stores of lipid-soluble antioxidants to compensate for oxidative stress. Further problems increasing oxidative stress particularly in preterm newborns, are derived from ventilation with increased oxygen concentrations (in contrast to in utero concentrations) and inflammatory processes.
High maternal and cord PrCarb were previously associated with SGA and the respiratory severity score, 11, 32 whereas 3NT was only elevated in preterms that developed BPD. 33 We found no difference in MDA and 3NT between preterm and term newborns or between their mothers, which may be attributed to the absence of severe diseases such as BPD. However, we observed that MDA and 3NT concentrations in cord blood correlated with those of maternal blood. This indicates that these markers in maternal blood are predictive for the newborn's oxidative stress. However, in contrast to Arguelles et al., 34 we did not find a correlation for PrCarb between maternal and cord blood. This group also found that oxidative stress measured as lipid hydroperoxides and PrCarb were higher in newborns than in mothers. This was true only for 3NT in our study. Arguelles et al. 34 measured maternal PrCarb at beginning of delivery with a spectrophotometric DNPH assay; in contrast, the samples in our study were taken before or after delivery and measured with a sensitive ELISA, which may explain the differences observed. In the present study, no significant correlations between protein oxidation and nitration in cord blood (r ¼ À 0.004, P ¼ 0.843) and maternal blood (r ¼ À 0.107, P ¼ 0.194) were observed.
3NT is accepted as a reliable marker for peroxynitrite production because only peroxynitrite has been shown to yield detectable 35, 36 Nitric oxide, responsible for placental blood flow, leads to increased formation of peroxynitrite in the presence of superoxide. Superoxide can be elevated in the fetus and newborn due to a reduced antioxidant capacity and a higher basal level of peroxynitrite formation in newborns influenced by elevated ROS from hyperoxia, as hypothesized by Banks et al. 33 During inflammation, activated granulocytes and macrophages produce peroxynitrite, which may further contribute to elevated 3NT concentrations. Posttranslational protein modification is considered a pathological as well as a selective reversible physiological process. 37 Nitration can influence inhibition of platelet activation, 38 T-cell proliferation and activation, 39 vasodilatation 40 and muscle relaxation, 41 and thus might represent a supportive signal rather than being detrimental in newborns. Furthermore, many reactive species, among them peroxynitrite, 40 take part in redox signaling. It was reported that phosphorylation signals may even be mimicked by nitration. 37 To our knowledge, this is the first study assessing 3NT simultaneously in mother-newborn pairs. Our findings on the higher level of nitration in newborns should be confirmed in future studies.
High concentrations of lipid peroxidation products such as MDA, in maternal as well as in cord blood, were shown to be related to SGA, reduced BW and prematurity. 11, 23, 42 Maternal plasma MDA levels were reported to be twice as high as in cord plasma. 43 This is in accordance to our study where maternal MDA concentrations were B1.5-fold (±0.7) higher than cord plasma concentrations (after adjusting for serum-plasma differences).
Maternal oxidative stress is known to consume antioxidants, which in turn leads to reduced antioxidant concentrations in the fetus. It is hypothesized that oxidative and nitrative stress, occurring in the placenta due to ischemia/reperfusion and other reasons, covalently modify protein structures in the placenta with consequent unfavorable changes in placental function. 23, 37 Oxidative stress may suppress blood flow, nutrient supply and hence fetal growth. 22, 37 However, no mechanistic link has yet been established between oxidative stress (ROS, RNS) and the reduction of BW.
In the present study, the maternal serum protein concentrations were higher than those in cord plasma. Furthermore, the protein concentration was lower in the plasma of preterms than in the plasma of terms. The protein concentration in the fetus increases toward the end of gestation. 44 This increase in protein concentration is accompanied by water retention to protect the fetus from dehydration in the first period, until the mother is able to provide breast milk. 45 Albumin, the major protein in plasma, is known as an important extracellular antioxidant and was shown to be a good target for oxidation in newborn plasma. 46 Because of lower albumin, the antioxidant capacity may be reduced, which can lead to higher PrCarb observed in preterms. The cord plasma protein concentration was lower in newborns that developed respiratory distress syndrome and correlated with the severity of lung disease. 32, 47 Nevertheless, the development of respiratory distress syndrome was most likely due to immaturity and other underlying diseases (inflammation leading to edema), and not necessarily due to low protein concentrations.
In our study, cord blood levels of lipid-soluble micronutrients represented 86% (retinol), 15% (a-tocopherol), 13% (lutein), 2.6% (b-carotene) and 2.7% (a-carotene) of maternal levels after adjusting for the serum-plasma difference. Lower circulating levels of carotenoids, retinol and tocopherols in cord blood versus maternal blood have previously been described. 11, 13, 22, 48 This can be attributed to a decreased transport capacity for lipophilic substances, including carotenoids and tocopherols in serum/ plasma due to low levels of circulating lipoproteins in fetal blood. 49, 50 In contrast to other studies, 13, 51 we found no positive association between a-tocopherol in maternal or cord plasma with birth outcomes, although mothers of preterms had lower atocopherol concentrations than mothers of terms (P ¼ 0.084). Mothers in the lowest a-tocopherol quintile had higher PrCarb (Po0.05), MDA (Po0.001), and marginal higher cord MDA (P ¼ 0.074), which indicates a role of a-tocopherol in the role of protecting proteins and lipids from oxidation. It was previously reported that an oxidation product of a-tocopherol, a-tocopherol quinone, was significantly higher in plasma and red blood cells of term newborns than in their mothers. 52 We found that a cord blood retinol concentration in the lowest quintile (o0.67 mM), close to the conventional cut-off value of 0.7 mM for retinol deficiency, was associated with a 2.9-fold higher risk for preterm birth after adjusting for maternal age and newborn's gender.
On the contrary, we found that mothers with the highest retinol concentrations (X1.45 mM) had an elevated risk for having an SGA newborn. The inverse relation of maternal retinol with BW and head circumference, as well as the association between highest maternal retinol and an increased risk for SGA can be explained by inadequate hemodilution or defective transport. High maternal retinol and hemoglobin status in late pregnancy was associated with a lower BW, head circumference and placental size. 51, 53 Furthermore, maternal retinol and hemoglobin were independently predictive of BW and placental weight. 53 The relatively high maternal retinol concentrations in our study may be caused by a failure to increase plasma volume, which has been related to poor fetal growth. 54 Physiologically, there is an increase in plasma volume of B15% during the course of pregnancy, which results in a hemodilution with a relative decrease in hemoglobin; 55 during the third trimester, mothers with elevated retinol concentrations are most likely those with inadequate plasma volume expansion. 53 Mothers with the highest retinol concentrations gave birth to children with the same GA (39 weeks), but with 321 g lower BWs (3415 vs 3094 g) and 1.34 cm smaller head circumference (35.45 vs 34.11 cm) compared with those mothers with the lowest retinol concentrations; these women also had a 3.9-fold higher risk for having an SGA newborn (0.930-16.16, P ¼ 0.061). We supposed that an inadequate hemodilution, marked by highest maternal retinol concentrations would lead to a retinol deficiency of the newborn. However, there seemed to be a non-linear effect between maternal and cord retinol; mothers with highest retinol did not give birth to newborns with lowest retinol and there was no correlation between maternal and cord retinol. Other authors found only a weak correlation or no correlation at all. 49, 51, 56 Low maternal retinol in early pregnancy represents a risk for retinol deficiency of the fetus. In contrary, highest retinol may represent a marker for inadequate hemodilution, which is known to adversely affect birth outcomes. 51, 53, 54 Maternal retinol did not correlate with total proteins, indicating that the degree of inadequate hemodilution may not have been severe enough to detect significant increase in plasma proteins. However, the effect on BW and head circumference still persisted after adjustment for protein concentration, which supports the hypothesis of retinol as a marker for inadequate hemodilution.
In summary, a high maternal retinol was associated with an increased risk for SGA; in contrary, a low cord blood retinol was associated with an increased risk for preterm birth. In maternal blood, there seems to be a non-linear relationship as a result of inadequate hemodilution. The association between cord blood retinol and preterm birth can be explained as a linear relationship between increasing retinol concentration and GA.
Besides retinol, which was lower in preterm newborns, we found no differences in any of the measured lipid-soluble micronutrients in cord plasma between term and preterm newborns. Low plasma retinol in preterm infants is a possible risk factor for BPD. 57 Low retinol is likely to represent a consequence of the short gestation period. Fetal retinol liver Oxidative stress and micronutrients at birth D Weber et al stores (given in microgram per gram of liver) are doubled between 25th and 37th week of gestation. 58 Plasma retinol is transported by retinol-binding protein (RBP) and homeostatically controlled. In the fetus, RBP is released from the liver only at a sufficiently high retinol liver concentration.
The present study had several limitations that deserve acknowledgement. There was no sufficient documentation of maternal smoking status, nutrition (including the use of micronutrient supplements) and hemoglobin measurement. Because smoking status was not assessed, the true effect of smoking as a confounder in our study cannot be assessed. 59 Future studies should ideally carry out cotinine measurement as a gold standard, as studies have shown that smoking is underestimated by 25% in pregnant women who do not admit to smoke. 60 The maternal nutritional status is linked to neonatal health and can easily be modified. Thus, the maternal nutritional intake represents an important determinant of birth outcomes. 61 Further studies assessing maternal or newborn blood micronutrients and oxidative stress markers should include the information on maternal food habits and/or intake of micronutrients and antioxidants during the course of pregnancy; this would allow evaluating the effect of micronutrient-rich food intake on oxidative stress status and its implication on birth outcomes. Finally, the determination of the hematocrit or hemoglobin together with the micronutrient measurements would help to identify women with an inadequate hemodilution being most likely responsible for the association between highest maternal retinol and adverse pregnancy outcomes as found in the present study.
In line with this, further studies are needed to understand the effects of oxidative stress in relation to micronutrients such as carotenoids, retinol and tocopherols in the mother as well as in newborns on birth outcomes, which should include data on maternal nutrition and smoking status, as well as parity and medical or obstetrical complications, route of delivery and further perinatal factors known to influence the antioxidant status in cord blood.
CONCLUSION
This is the first study, to our knowledge, to investigate the association of three different markers of oxidative stress, and lipidsoluble micronutrients in cord plasma and maternal serum with SGA and prematurity. These adverse pregnancy outcomes represent important risks for various acute and chronic health conditions during the course of life. Our data also demonstrate that not all antioxidants pass the placental barrier. Although the placental transfer of oxidative stress markers to fetus or mother, respectively, cannot be ruled out by our measurements, maternal parameters can be used to assess the fetal situation. Our work corroborates previous studies showing that maternal oxidative stress and retinol levels are associated with newborn anthropometrics. Oxidative stress may more likely represent a direct effect of inflammation, whereas high maternal retinol seems to reflect inadequate hemodilution resulting in an insufficient fetal-placental blood flow and thus an indirect marker for birth outcomes. High plasma retinol concentration seems to reflect inadequate plasma volume expansion rather than a high vitamin A status adversely effecting birth outcomes.
